In this study, we investigated the dynamics of the molecular interactions of tetraspanin CD81 in T lymphocytes, and we show that CD81 controls the organization of the immune synapse (IS) and T cell activation. Using quantitative microscopy, including fluorescence recovery after photobleaching (FRAP), phasor fluorescence lifetime imaging microscopy-Föster resonance energy transfer (phasorFLIM-FRET), and total internal reflection fluorescence microscopy (TIRFM), we demonstrate that CD81 interacts with ICAM-1 and CD3 during conjugation between T cells and antigen-presenting cells (APCs). CD81 and ICAM-1 exhibit distinct mobilities in central and peripheral areas of early and late T cell-APC contacts. Moreover, CD81-ICAM-1 and CD81-CD3 dynamic interactions increase over the time course of IS formation, as these molecules redistribute throughout the contact area. Therefore, CD81 associations unexpectedly define novel sequential steps of IS maturation. Our results indicate that CD81 controls the temporal progression of the IS and the permanence of CD3 in the membrane contact area, contributing to sustained T cell receptor (TCR)-CD3-mediated signaling. Accordingly, we find that CD81 is required for proper T cell activation, regulating CD3, ZAP-70, LAT, and extracellular signal-regulated kinase (ERK) phosphorylation; CD69 surface expression; and interleukin-2 (IL-2) secretion. Our data demonstrate the important role of CD81 in the molecular organization and dynamics of the IS architecture that sets the signaling threshold in T cell activation.
T
he interaction between T lymphocytes and antigen-presenting cells (APCs) is essential for the initiation of the immune response. The dynamic structure formed at cell-to-cell contacts between T cells and APCs, called the immune synapse (IS), is characterized by controlled recruitment of membrane receptors to specific subcellular sites (1) . Upon activation by an APC, T cell molecules involved in the IS redistribute in highly organized structures at the T cell-APC contact (2) . The T cell receptor (TCR) and associated molecules concatenate into the central area (central supramolecular activation cluster [cSMAC]), whereas adhesion receptors rearrange in a surrounding external ring called the peripheral supramolecular activation cluster (pSMAC) (3) . During IS formation, preclustered TCR "protein islands" converge into larger aggregates that translocate toward the cSMAC (4, 5) , from where they are internalized and degraded (6) . The balance between the generation and degradation of TCR microclusters is critical for sustained T cell activation (5, 7) and is modulated by ligand mobility (8) . However, the mechanisms regulating protein receptor movement and the basis for IS molecular segregation are still poorly understood.
A plethora of molecules are translocated to the IS during T cell activation (9) . These include the tetraspanins CD81 (10) and CD82 (11) , which are known to associate with several IS components such as major histocompatibility complex class II (MHCII) molecules, CD4, and LFA-1 (12) (13) (14) (15) . However, the specific role of tetraspanins in the IS remains unknown. Tetraspanins are ubiquitous proteins that modulate the function of their associated partners and play important roles in a wide variety of physiological and pathological processes, including immunity and inflammation (16) . They interact with each other and with other receptors, cytoskeletal components, and signaling molecules, acting as organizers of molecular macrocomplexes called tetraspanin-enriched microdomains (TEMs) (17) . The existence of TEMs has been demonstrated by biochemical approaches (16, 18) and by single-molecule fluorescence techniques in living cells (19, 20) . In the immune system, it has been shown that CD81 provides a costimulatory signal in T cells, associates with CD19, and facilitates antigen presentation by associating with MHCII molecules in APCs (21) . Mice deficient for CD81 have hyperactive B cells (22) , delayed humoral immune responses, impaired T helper type 2 responses, and hyperproliferative T cells (21) . In T cells, TEM insertion has been demonstrated for CD4 and CD8 coreceptors (13, 23) and for VLA-4 and LFA-1 integrins (15, 24) . ICAM-1, the adhesion receptor ligand for the LFA-1 integrin, is also a TEM component, mediating intercellular adhesion (25) . Although ICAM-1 has been thoroughly studied on APCs, ICAM-1 and LFA-1 are present on both APCs and T lymphocytes. ICAM-1 expression on T cells (26) (27) (28) and LFA-1 expression on APCs (29, 30) can also play a role in T cell-APC contact (31) (32) (33) (34) (35) (36) . Moreover, CD81 cross-linking stimulates LFA-1-ICAM-1-mediated thymocyte aggregation (37) and promotes T cell-B cell interactions by activating LFA-1 integrin (38) . Thus, tetraspanins might have an important role in IS organization.
Here, we investigated the role of the tetraspanin CD81 as an IS organizer in live T cell-B cell conjugates. Using state-of-the-art microscopy approaches, we show that CD81 is a critical regulator of the IS architecture on the T cell side of the T cell-APC contact. Our data also reveal that CD81 controls the staging of IS maturation through its interaction with CD3 and ICAM-1. This is due, at least in part, to its role in controlling CD3 clustering and permanence at the IS. Thus, CD81 is a critical regulator of CD3 clustering, sustained CD3 signaling, and T cell activation.
MATERIALS AND METHODS
Antibodies, reagents, peptides, and recombinant DNA constructs. Poly-L-lysine (PLL), influenza virus hemagglutinin (HA) peptide, and unconjugated and fluorescein isothiocyanate (FITC)-conjugated anti-␣-tubulin were obtained from Sigma. Staphylococcus enterotoxin E (SEE) was obtained from Toxin Technology. Alexa Fluor 488 and 647, streptavidinAlexa Fluor 488, rhodamine X, phalloidin-Alexa Fluor 488 and -Alexa Fluor 647, anti-␣-tubulin-Alexa Fluor 647, and the cell tracker CMAC (7-amino-4-chloromethylcoumarin) were obtained from Invitrogen. The antibodies (Abs) T3b (anti-CD3), TP1/40 (anti-␣L integrin), TS1/18 (anti-␤2 integrin), HU5/3 (anti-ICAM-1), TP1/55 (anti-CD69), VJ1/20 (anti-CD9), LIA1/1 (anti-CD151), HP2/6 (anti-CD4), and T200 (anti-CD45) were produced in our laboratory. CD81 monoclonal Ab (MAb) 5A6, CD3 polyclonal Ab (pAb) 448, CD82 MAb TS82b, and MEM53 MAb CD53 were kindly provided by S. Levy (Stanford, CA, USA), B. Alarcón (CBM, Spain), E. Rubinstein (Institut André Lwoff, Villejuif, France), and V. Horejsí (Czechoslovak Academy of Sciences, Prague, Czech Republic), respectively. Antibodies against phospho-phospholipase C-␥ (phospho-PLC-␥) (Y783), PLC-␥, phospho-ZAP-70 (Y493), and phospho-Erk1/2 (T202/Y204) were obtained from Cell Signaling. ZAP-70 Ab, LAT Ab, phospho-CD3 (Y83), and phospho-LAT (Y132) were obtained from Abcam. Erk1/2 Ab was obtained from Millipore, and CD69-allophycocyanin was obtained from BD Biosciences.
Tetramethylrhodamine (TAMRA) N-terminally labeled peptides with the sequence RRRRRRRCCGIRNSSVY (CD81) or RRRRRRRYSVNICR GCSS (scrambled) were purchased from LifeTein (South Plainfield, NJ, USA). Glutathione S-transferase (GST) alone and GST-LEL-CD81 peptides were prepared as described previously (25) .
For the CD81-mCherry construct (with the mCherry tag at the C-terminal domain), a CD81 PCR product was subcloned into pEGFP-C1 (Invitrogen), in which the enhanced green fluorescent protein (EGFP) sequence was replaced by the monomeric Cherry (mCherry) sequence. This construct was kindly provided by E. Rubinstein. The constructs pEGFP-N1-CD3 (39), provided by B. Alarcón; CD9-mEGFP; and ICAM-1-mEGFP (19) were previously described. ICAM-3 tagged with monomeric EGFP (mEGFP) was obtained from ICAM-3-EGFP (40) by using a QuikChange Multi site-directed mutagenesis kit from Stratagene (La Jolla, CA, USA).
Cells and cell culture. V␤8 Jurkat T cell clones (J77) and the lymphoblastoid Raji and Hom2 (HLA-DR1 Epstein-Barr virus [EBV]-transformed) cell lines were cultured in RPMI 1640 medium (Sigma) supplemented with 10% fetal calf serum (FCS; Invitrogen), and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma) supplemented with 10% FCS. HA-specific V␤3 Jurkat T cells (CH7C17) were supplemented with 400 g/ml hygromycin B (Invitrogen) and 4 g/ml puromycin (Sigma). Stable cell populations overexpressing CD81-mCherry or ICAM-1-mEGFP were generated by transfection and selection with 1 mg/ml G418 (Invitrogen).
Peripheral blood lymphocytes from healthy donors were isolated by Ficoll-Hypaque gradient centrifugation and cultured for 2 days in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) (Cambrex Bioscience) and SEE (0.1 g/ml). Isolated T lymphoblasts were then maintained in culture for 5 days in the presence of interleukin-2 (IL-2) (50 U/ml).
Cell transfection and silencing. J77 cells (2 ϫ 10 7 ) were washed twice with Hanks' balanced salt solution (HBSS) (Lonza) and transiently transfected by electroporation with plasmids (20 g) or cotransfected with plasmids (10 g) and small interfering RNA (siRNA) (1 M) in OptiMEM medium (Gibco, Invitrogen) at 240 V and 32 ms (Gene Pulser II; Bio-Rad). Control siRNA and siRNA for CD81 (siCD81) (CACGTCG CCTTCAACTGTA) were purchased from Eurogentec.
For lentiviral silencing of endogenous CD81, short hairpin RNA (shRNA) lentiviruses were produced by cotransfection of HEK293T cells (Lipofectamine 2000; Invitrogen) with pLVX-shRNA2 (with Zsgreen fluorescence; Clontech), encoding the shRNA sequence (the same sequence as siCD81), or with an empty plasmid as a control, together with plasmids pCMV-⌬R8.91 and pMD2.G-VSV-G. Supernatants were collected after 48 to 72 h and filtered (0.45 m; Millipore). J77 or CH7C17 cells were spin infected for 2 h at 1,200 ϫ g and incubated for 4 h at 37°C. Two rounds of transduction were performed at 24-h intervals, and experiments were carried out after a further 48 h. Results were confirmed with two independent sequences of shRNA to control for off-target effects. siRNA or shRNA knockdown was tested by flow cytometry at 48 h posttransfection.
Conjugate formation. B cells (Raji or Hom2) were loaded with the CMAC tracker and loaded with SEE (0.5 to 1 g/ml) or HA peptide (100 to 200 g/ml), as appropriate (41) . J77 or CH7C17 T cells were mixed with Raji or Hom2 B cells (1:1), centrifuged at low speed to favor conjugate formation, and incubated at 37°C for the indicated periods of time.
CH7C17 T cells were incubated for 3 h at 37°C with 10 M permeable CD81 or scramble peptides or alternatively with 150 g/ml of GST alone or the GST-LEL-CD81 fusion protein. Pretreated T cells were then conjugated with Hom2/HA B cells for 16 h at 37°C, stained with antibodies against CD69, and analyzed by flow cytometry.
Flow cytometry. Cells were cocultured in 96-well plates at 37°C for the indicated periods. After staining of cells with specific antibodies, data were acquired with a FACSCantoII flow cytometer (BD) and then analyzed with BD FACSDIVA (BD) or FlowJo software (FlowJo Inc.). B cells were distinguished by CMAC staining, and in shRNA experiments, T cells were distinguished by Zsgreen fluorescence.
To measure F-actin content, J77 cells were stimulated for different times with 10 g/ml purified anti-CD3 (T3b), fixed in 2% paraformaldehyde (PFA), permeabilized in 0.5% Triton X-100 in phosphate-buffered saline (PBS), and labeled with phalloidin. All experiments were performed in triplicates.
IL-2 production. shRNA-transduced J77 T cells were conjugated with SEE-loaded Raji B cells. For measurement of IL-2 secretion, supernatants were harvested after 16 h, and IL-2 content was measured by using the IL-2 ELI-pair kit (Diaclone).
Immunoblotting. shRNA-transduced J77 T cells were conjugated with SEE-loaded Raji B cells (10:1) for the indicated times and lysed with 1% Triton X-100 in PBS containing Complete protease and PhoSTOP phosphatase inhibitors (Roche). Proteins were separated by SDS-PAGE, and proteins were revealed with the Fujifilm LAS-3000 imaging system after membrane incubation with specific antibodies and peroxidase-conjugated secondary antibodies. Band intensities were quantified by using Metamorph software (Molecular Devices), and results were normalized to the total protein expression level.
Fluorescence confocal microscopy. For immunofluorescence, T cell-B cell conjugates formed by incubation for different times at 37°C were allowed to adhere onto PLL-coated coverslips (40 g/ml) for 15 min at 37°C and fixed in 4% PFA (Electron Microscopy Sciences). Samples were fixed, stained with appropriate primary antibodies followed by species-matching secondary antibodies or streptavidin (when primary antibodies were biotinylated) coupled to Alexa Fluor fluorochromes (Invitrogen), and mounted in Prolong antifade medium (Invitrogen). To detect intracellular proteins, cells were first permeabilized with PBS-0.5% Triton X-100 for 5 min.
For live-cell imaging, microscopes were fully covered by an acrylic box to allow analysis at 37°C in 5% CO 2 . For time-lapse fluorescence imaging, cells were resuspended in HBSS (Lonza)-2% FCS-20 mM HEPES (Lonza), plated onto PLL-coated 35-mm dishes (MatTek), and maintained at 37°C in 5% CO 2 .
Confocal images were obtained with a Leica TCS-SP5 confocal scanning laser unit attached to an inverted epifluorescence DMI6000B microscope fitted with an HCX PL APO lambda blue 63ϫ/1.4-numerical-aperture (NA) oil immersion objective, using Las-AF acquisition software (Leica Microsystems), or alternatively with a Zeiss LSM700 confocal scanning laser unit attached to an inverted epifluorescence microscope (Observer.Z1) fitted with a Plan APO Chromat 63ϫ/1.4-NA oil immersion objective, using ZEN 2009 acquisition software (Carl Zeiss Microscopy GmbH). Images were analyzed with Leica LAS-AF, Metamorph, or ImageJ software (NIH).
Protein relocalization to the IS was quantified with the Synapsemeasure plug-in in ImageJ (42) . Briefly, the quantification takes into account the fluorescence intensity signals measured in selected regions with similar areas at the T cell-APC contact zone (IS), the APC membrane not in contact with the T cell (B), the T cell membrane not in contact with the APC (T), and the background (Bg). Bg signal was subtracted from all other measurements, and signal accumulation at the IS relative to the rest of the T cell surface was then analyzed according to the formula (IS Ϫ B)/T. In the charts, each dot corresponds to a T cell-B cell conjugate.
Measurements of Pearson's coefficient for the colocalization of CD3-mEGFP and CD81-mCherry or ICAM-1-mEGFP and CD81-mCherry were performed with Imaris (Bitplane). We analyzed the three-dimensional (3D) IS contact area from time-lapse stack confocal microscopy videos. For each cell-cell conjugate, measurement of GFP-Cherry colocalization was performed considering for all confocal stacks only the 1 m closest to the Raji B cell membrane.
Fluorescence recovery after photobleaching (FRAP). J77/CD81-mCherry or J77/ICAM-1-mEGFP cells were incubated with Raji/SEE cells for 2 min and plated for 5 min onto PLL-coated coverslips. Live-cell microscopy was performed at 37°C in 5% CO 2 with a Nikon A1-R multiline confocal scanning unit coupled to an Eclipse Ti microscope fitted with a PL APO 60ϫ/1.4-NA oil immersion objective, the 488-nm Ar laser line for ICAM-1-mEGFP, or the 561-nm diode laser line for CD81-mCherry. Bleaching was conducted on membrane areas of the central or pSMAC of the early and late IS and on comparable areas of the plasma membrane of nonconjugated T cells. Laser power for bleaching was maximal but was reduced to 10% for imaging. At the optimal focal plane, the acquisition protocol was as follows: 10 prebleach images, 1 s of iterative bleach pulse, 60 images at 1-s intervals, 30 images every 10 s, and 3 images every 30 s (256 by 256). Fluorescence recovery in the bleached region (8.4 m 2 for ICAM-1-mEGFP and 8.94 m 2 for CD81-mCherry) was measured as the average signal intensity. All recovery curves were generated as described previously (19) . The averaged recoveries were fitted by using a simple Brownian diffusion model with GraphPad Prism. Statistical analyses were performed on the raw data for each protein and each condition. The immobile fractions and half-recovery times were determined from the fitted curves.
Hetero-Föster resonance energy transfer (FRET) by donor phasor fluorescence lifetime imaging microscopy (phasorFLIM) in intact living cells. J77 T cells were transiently cotransfected with proteins fused to monomeric EGFP (ICAM-1-mEGFP, CD3-mEGFP, CD9-mEGFP, or ICAM-3-mEGFP) and CD81-mCherry by electroporation. After 24 h, cells expressing intermediate levels (mean fluorescence intensity at fluorescence detector FL-2 of 10 2 to 10 4 ) of mEGFP-tagged protein and high levels (mean fluorescence intensity at FL-1 of 10 3 to 10 5 ) of CD81-mCherry were sorted on a FACSAriaII flow cytometer (BD) and cultured for at least 2 h. Cells were then incubated with Raji/SEE cells for 2 min and plated for 10 min onto PLL-coated 35-mm dishes at 37°C (MatTek) before analysis. CMAC was used at a 100-times-lower concentration than that used for other experiments to avoid interference with EGFP fluorescence under multiphoton excitation.
FLIM images were collected at 37°C in 5% CO 2 in raster scanning mode using a 2-channel Alba spectrometer (ISS Inc.) combined with a digital frequency domain (DFD) fast-FLIM card (ISS Inc.) and equipped with H7422 fast photomultipliers (Hamamatsu Photonics). The ALBA module was coupled to an inverted Nikon Ti-E microscope (Nikon Corp.) equipped with a Nikon MRD07600 CFI 60ϫ/1.2-NA WI Plan Apochromatic objective, an epifluorescence lamp, a bright field, a topstage incubator, and a heating chamber (Okolab SRL). Excitation at 830 nm was provided by a femtosecond-pulsed mode-locked tunable MaiTai DeepSee laser (Newport Corp.). Emission signals were collected after blocking with FF01-680/SP and BP530/43 filters (Semrock Inc., Idex Corporation). The laser power at the objective was 10 mW. A series of 20 to 50 consecutive 256-by-256-pixel images at 64 s/pixel were averaged. Phasor analysis was carried out by using SimFCS (Globals Unlimited, LFD). We analyzed the dispersion of the donor fluorophore alone in the phasor plot to determine the size of the cursor and considered only the pixels identified outside the distribution of the donor-only cells (43) . For each mEGFP-mCherry pair of proteins, the highest FRET efficiency was selected (27% for CD81-CD9, 23% for CD81-ICAM-1, and 22% for CD81-CD3), always maintaining the same cursor size, and the number of pixels inside the cursor was quantified. TIRFM. J77 T cells were cotransfected with CD3-mEGFP and control or CD81 siRNA, sorted on a FACSAriaII flow cytometer, cultured for 24 h, and plated onto 35-mm dishes (MatTek) coated with 10 g/ml purified anti-CD3 (T3b). Images were acquired for 10 min at 0.35-s intervals on a Leica AM total internal reflection fluorescence microscopy (TIRFM) multicolor unit mounted on a Leica DMI6000B microscope fitted with a 100ϫ/1.46-NA oil immersion objective, using a ϫ1.6 magnification and ϳ90-nm depth penetration (analysis of microclusters at the cell membrane). Images were analyzed with Imaris (Bitplane). For the analysis of CD3 cluster movement, background was subtracted by using the local contrast threshold. The minimum cluster diameter was then estimated to be 0.4 m, and a Brownian motion algorithm was applied, considering 2 m as the maximum distance of cluster displacement and no gaps between frames. For the analysis of cSMAC areas, absolute intensity was used for thresholding.
Statistical analysis. All statistical analyses were performed with GraphPad Prism (GraphPad Software Inc.). P values were calculated by using two-tailed Student's t test or, when specified, one-way analysis of variance (ANOVA) with Bonferroni's or Tukey's (for analysis of variance) post hoc multiple-comparison test. Statistical significance was assigned at P values of Ͻ0.05 (indicated by ‫ء‬ in the figures), Ͻ0.01 (indicated by ‫,)ءء‬ and Ͻ0.001 (indicated by ‫.)ءءء‬
RESULTS

CD81 dynamics during IS progression.
To test the potential role of CD81 in membrane protein reorganization during IS formation, we first assessed CD81 redistribution during T cell-B cell conjugation, comparing it to the redistribution of markers of the cSMAC (CD3) and pSMAC (ICAM-1). Primary human T lymphoblasts were conjugated with Raji B cells labeled with CMAC cell tracker and loaded with superantigen E (Raji/SEE cells) for different times, plated onto poly-L-lysine-coated coverslips for 10 min, fixed, and stained with antibodies against CD81 and CD3 or CD81 and ICAM-1 (Fig. 1) . CD81 was enriched at the IS, colocalizing with CD3 at the cSMAC in 10-min conjugates, while ICAM-1 was enriched at the pSMAC. In later conjugates, after 30 min of cell-cell contact, CD81 and ICAM-1 were equally distributed throughout the IS, while CD3 remained accumulated at the cSMAC (Fig. 1) .
To further investigate the dynamics of CD81 redistribution at the IS during T cell-B cell conjugation, J77 T cells cotransfected with CD81-mCherry and CD3-mEGFP were conjugated with Raji/SEE cells, and conjugates were analyzed by time-lapse confocal microscopy (Fig. 2) . CD81 relocalized to the IS within the first minutes of conjugation, colocalizing with CD3 at the cSMAC, and remained in this location for up to 20 min ( Fig. 2A) . Quantification of CD81-mCherry and CD3-mEGFP Pearson's coefficients at the 3D IS contact area showed high levels of colocalization at all times analyzed ( Fig. 2A, right) . To compare the dynamics of CD81 redistribution at the IS with a pSMAC marker, we used the adhesion molecule ICAM-1, since fluorescently tagged integrins were not stable and did not show proper subcellular distribution (data not shown), precluding its use in studies based on fluorescence microscopy. Although ICAM-1 is typically seen as a pSMAC component at the APC side and is highly expressed on APCs, it is also endogenously expressed by T cells (see Fig. S1A in the supplemental material). In addition, Raji and Hom2 B cells, used as APCs, endogenously expressed the integrin LFA-1 (␣ L ␤ 2 ) (see Fig. S1B in the supplemental material). J77 T cells were cotransfected with CD81-mCherry and ICAM-1-mEGFP and conjugated with Raji/ SEE cells (Fig. 2B) . During the initial phase of the early IS, CD81 but not ICAM-1 was enriched at the central area (Fig. 2B) . Quantification of ICAM-1-mEGFP and CD81-mCherry Pearson's coefficients at the contact area in time-lapse videos indicated that CD81-ICAM-1 colocalization was enhanced with the time of conjugation, reaching a peak by 10 min of cell-cell contact (Fig. 2B,  right) . Indeed, by that time, ICAM-1 started to relocalize throughout the IS. At later times, after ϳ20 min, CD81 was also redistributed from the cSMAC so that ICAM-1 and CD81 proteins colocalized at the entire cell-cell contact (Fig. 2B) . Likewise, CD3 exhibited a similar redistribution pattern after ϳ50 min (Fig. 2C) . We could therefore define an early stage in the IS in which CD81 and CD3 colocalized at the cSMAC while ICAM-1 was located at the pSMAC and a late IS in which all three receptors redistributed along the entire IS cell-cell contact. These data suggest that CD81 might be important in the initiation of antigen-triggered CD3 clustering.
We next investigated the mobility of CD81 at the IS by using FRAP (fluorescence recovery after photobleaching). J77/CD81-mCherry T cells were conjugated with Raji/SEE cells, and the cSMAC or pSMAC membrane areas of T cells were bleached during early or late IS formation (Fig. 3A) . Fluorescence recovery under each condition was measured, and the immobile fractions and half-recovery times of the mobile fractions were obtained from the fitted curves. The apparent diffusion coefficients in control nonconjugated T cells and in different areas and phases of the IS were also calculated (Table 1) . We found that a greater proportion of CD81 molecules were immobile at the early IS cSMAC than at the cell membrane of control nonconjugated T cells, whereas the immobile fraction at the pSMAC was similar to that in control cells, indicating that CD81 is confined mostly to the early IS cSMAC (Fig. 3B and D) . In both areas of the early IS, the diffusion dynamics of mobile CD81 molecules remained similar to those in control cells (Fig. 3B and E and Table 1), as indicated by the halfrecovery times and the calculated apparent diffusion coefficients. In the late IS, the CD81 immobile fraction increased in both the cSMAC and pSMAC with respect to nonconjugated cells (Fig. 3C  and D) . Moreover, the mobile CD81 molecules showed a slower mobility than in control cells (Fig. 3C and E and Table 1) , suggesting a general decrease in diffusion consistent with more stable protein-protein interactions in both areas.
We compared the observed CD81 dynamics with that of ICAM-1, which is included in TEMs (25) . J77/ICAM-1-mEGFP T cells conjugated with Raji/SEE cells were bleached at the cSMAC or pSMAC during early or late IS formation (Fig. 3F) . FRAP analysis revealed a higher ICAM-1 immobile fraction in the early IS pSMAC than in nonconjugated T cell membranes ( Fig. 3G and I) , and mobile molecules entering this area moved more slowly (Fig.  3G and J and Table 1 ). ICAM-1 dynamics in the early IS cSMAC was similar to that in control cells (Fig. 3G, I , and J and Table 1 ), indicating that ICAM-1 is confined mostly to the early pSMAC. In the late IS, both areas showed reduced diffusion dynamics in comparison to those in nonconjugated cells, but more ICAM-1 molecules were immobile in central than in peripheral areas, suggesting stronger interactions (Fig. 3H to J and Table 1 ).
CD81 molecular interactions within TEMs define IS maturation stages. We then assessed in living cells the dynamics of protein-protein interactions at the contact area during IS maturation by using phasor fluorescence lifetime imaging microscopy (phasorFLIM)-Föster resonance energy transfer (FRET) (43, 44) . J77 T cells were cotransfected with monomeric EGFP-tagged proteins (43, 45) as the donor (CD9-mEGFP, ICAM-1-mEGFP, or (46, 47) . Tetraspanin CD9 was also enriched at the IS, displaying different IS relocalization kinetics in comparison to those of CD81 (see Fig. S3 in the supplemental material) . Interestingly, the CD81-CD9 interaction was enhanced by cell-cell conjugation (Fig. 4A) , suggesting that conjugation prompted stronger TEM interactions. In nonspecific contacts, with no CD9 clustering in the contact area, the extent of the CD9-CD81 interaction was similar to that in nonconjugated cells. The extent of the association increased progressively during IS formation, from initial cognate contacts to the early cSMAC and throughout the contact in the late IS (Fig. 4A) . CD81 colocalization with ICAM-1 increased with the progression of IS cell-cell conjugation (Fig. 2B) . We then assessed the ICAM-1-CD81 molecular interaction by phasorFLIM-FRET. Analysis of the ICAM-1-CD81 donor-acceptor pair in nonconjugated cells revealed a low percentage of pixels at high FRETeff (see Fig. S2B in the supplemental material). A clear increase in this percentage was observed in initial cognate contacts (Fig. 4B) , despite the lack of clear ICAM-1 redistribution to the contact area. As conjugation progressed, the percentage of high-FRETeff pixels increased, first at the early IS and then throughout the late IS contact, indicating ICAM-1 and CD81 molecular interactions during IS progression (Fig. 4B ). This increase in the CD81-ICAM-1 association correlates directly with the increase in CD81-ICAM-1 colocalization during IS maturation (Fig. 2B) . Since CD81 colocalized with CD3 at the IS ( Fig. 2A ), we also analyzed the possible interaction between these proteins. In nonconjugated cells, the average FRETeff value was below the detection limit of the technique, suggesting negligible CD3-CD81 molecular interactions (see Fig. S2B in the supplemental material) . However, we detected a very low percentage of pixels at high FRETeff, which remained unchanged in nonspecific contacts (Fig.  4C ). In the early IS, the percentage of high-FRETeff CD3-CD81 pixels in the cSMAC was significantly increased, and the late IS displayed the greatest extent of interaction (Fig. 4C) , suggesting that these molecules are in close proximity as they spread from the cSMAC throughout the contact. Although CD81 and CD3 showed a high level of colocalization at all times ( Fig. 2A) , phasor-FLIM-FRET analysis indicated that direct protein-protein interactions increase with the progression of the IS cell-cell contact (Fig. 4C) .
Together, these results show that CD81-CD3, CD81-ICAM-1, and CD81-CD9 molecular interactions are induced progressively during IS maturation.
Role of CD81 in the organization of the mature IS. We studied the effect of CD81 silencing on the dynamics of IS constituents. J77/ICAM-1-mEGFP cells transfected with control or CD81 siRNA (siCD81) (Fig. 5A) were conjugated with Raji/SEE cells for different times and plated onto PLL-coated coverslips for 15 min (Fig. 5B) . We used ICAM-1-mEGFP to categorize the IS as an early IS (pSMAC enrichment) (Fig. 5B, right) or late IS (enrichment throughout the contact) (bottom right). CD81 knockdown decreased the proportion of early ISs while increasing the propor- tion of late synapses (Fig. 5B) , strongly indicating that CD81 regulates IS maturation and ICAM-1 reorganization at the contact.
Next, we assessed the role of CD81 in CD3 reorganization. After 15 min of conjugation with Raji/SEE cells, CD81-silenced cells displayed lower levels of endogenous surface CD3 than did control cells (Fig. 5C) . Moreover, this decrease was accompanied by impaired CD3 relocalization to the IS with respect to the rest of the cell membrane in 20-min conjugates (Fig. 5D, left) . This decrease in CD3 relocalization upon CD81 silencing was confirmed with antigen-specific conjugates formed between CD81-silenced CH7C17 T cells and Hom2 B cells loaded with HA peptide and labeled with CMAC cell tracker (Hom2/HA cells) (Fig. 5D, right) . The role of CD81 in CD3 dynamics was further analyzed by total internal reflection fluorescence microscopy (TIRFM). J77/CD3-mEGFP cells transfected with siControl or siCD81 (Fig. 6A, left) were plated onto anti-CD3-coated coverslips, and CD3 microcluster dynamics was investigated ( Fig. 6A ; see also Video S1 in the supplemental material). Although TCR microclusters are stationary due to the immobility of the stimulating ligand on the glass, there is protein flux in and out the assembled clusters (48) (see Video S1 in the supplemental material), and the cSMAC formed correctly in many cells (Fig. 6A, right) . Interestingly, CD3 microclusters at CD81-silenced cell membranes disappeared from the TIRFM depth detection range (ϳ90 nm) more rapidly (Fig. 6B) , while their tracks displayed an equal average speed (Fig. 6C) , indicating cluster internalization rather than movement to other membrane regions outside the imaging field. Therefore, we also observed a time-dependent reduction in the number of microclusters (Fig. 6D ) and cSMAC areas (Fig. 6E ) in CD81-silenced cells. These experiments suggest that CD81-CD3 interactions are required for efficient retention of the CD3 signaling complex in T cell plasma membranes during cognate interactions.
CD81 controls the T cell activation threshold. IS organization in the absence of CD81 was further investigated by using two different CD81 shRNA sequences, obtaining similar phenotypes (Fig. 7A and data not shown) . Surface expression levels of different molecules were not significantly altered by CD81 silencing in nonconjugated T cells (Fig. 7B) . CD81 downregulation reduced the total number of SEE-dependent conjugates (Fig. 7C ), without differences in contact duration (data not shown). CD81-depleted cells displayed impaired microtubule-organizing center (MTOC) translocation to the IS, with increased distance to the APC surface (Fig. 7D) . Moreover, CD81 downregulation enhanced F-actin relocalization to the IS (Fig. 7E) , despite similar F-actin polymerization rates in control and CD81-silenced cells (Fig. 7F) .
In the context of T cell-APC cognate interactions, CD81 downmodulation not only altered IS organization but, as a consequence, also impaired signaling and T cell activation. Indeed, CD81 silencing reduced the levels of CD3, ZAP-70, LAT, and extracellular signal-regulated kinase (ERK) phosphorylation with the time of conjugation (Fig. 8A). A reduction in the level of CD3 downstream intracellular signaling during IS maturation was observed with conjugates formed between CD81-silenced J77 T cells and Raji/SEE B cells as well as with antigen-specific conjugates formed between CD81-silenced CH7C17 T cells and Hom2/HA B cells (Fig. 8A ). CD81-silenced T cells also showed lower membrane expression levels of the T cell activation marker CD69 (Fig.  8B ) and reduced IL-2 secretion (Fig. 8C ) in both J77/Raji and CH7/Hom2 conjugation systems.
In order to directly assess the role of CD81-mediated signaling in T cell activation, CH7C17 T cells were treated with fluorescently labeled cell-permeable peptides corresponding to the C-terminal sequence of CD81 or with a scrambled combination of the same 8 amino acids as a control. Treated T cells were then conjugated with Hom2/HA cells, and T cell activation was measured by quantifying CD69 expression levels (Fig. 8D) . Treatment of T cells with peptides containing the C-terminal sequence of CD81 did not affect T cell activation, suggesting that CD81 direct downstream signaling is not involved in T cell activation. Tetraspanin associations with several membrane proteins occur through their LEL extracellular domain (49) , and GST proteins fused to the LEL extracellular domain (GST-LEL) of different tetraspanin molecules have been used to perturb functions regulated by tetraspanin microdomains, since they decrease the diffusion of tetraspanin molecules at the plasma membrane (19) . Pretreatment of CH7C17 T cells with GST-LEL-CD81 before conjugation with Hom2/HA B cells induced an increase in the CD69 expression level in comparison with control GST alone (Fig. 8E) , further indicating that CD81 regulates T cell activation by interacting with other membrane proteins through its extracellular domain rather than by its direct intracellular signaling.
Taken together, these results suggest that CD81 is important for the organization of CD3 at the IS and for CD3-mediated intracellular signaling, regulating proper T cell signaling and activation.
DISCUSSION
In this study, we provide evidence that CD81 controls IS formation and progression through its dynamic interaction with CD3 and ICAM-1. A recent electron microscopy study of mouse ISs, from contacts for up to 6 h, identified four distinct morphological stages. Initial synapses (10 to 30 min) were characterized by contacts through pseudopodia, while later phases corresponded to specific distributions of intracellular structures at the IS area (50) . Previous descriptions of IS dynamics indicated that protein polarization reaches a maximum by ϳ30 min (51), with increasing interaction forces (52) . T cells sustain the IS ring pattern for over 1 h when plated onto lipid bilayers (53) . In our analysis, we examined live T cell-B cell conjugates and discerned different IS steps not detected in previous studies. IS stages were defined based on protein redistribution, dynamics, and interactions at the contact area during 1 h of conjugation, delineating three major IS stages: initial cognate contacts, between polarized T cells and stimulated APCs; the early IS, showing differential protein enrichment at the cSMAC or pSMAC; and the late IS, with proteins evenly distributed throughout the IS and showing high protein-protein interaction levels (Fig. 9) . Our data point to a regulation of the dynamics of synapse architectural organization not only by size differences in ectodomains of cell surface proteins (54) but also by protein-protein interactions driven by TEMs.
This novel stepwise IS formation reveals an important role for CD81. Our data indicate a correlation between colocalization and protein-protein molecular interaction studies, with an increase in the extent of CD81 associations as conjugation progressed, although the full extent of interactions is underestimated in our phasorFLIM-FRET experiments due to the competition with endogenous untagged proteins. In early synapses, most CD81 is engaged at the cSMAC, where it colocalizes and interacts directly with CD3. In accordance, CD81 association with the CD3␦ subunit was recently identified by a yeast two-hybrid screen (55) . Remarkably, at the same stage, ICAM-1, which is initially enriched at the pSMAC, progressively redistributes throughout the contact, with an increase in colocalization and a concomitant increase in direct associations with CD81 molecules. The high level of immobility of CD81 and ICAM-1 molecules in this early stage indicates that protein redistribution during IS progression could be regulated by interactions with the cytoskeleton. In late synapses, CD81 redistributes evenly throughout the IS, showing similar dynamics in the cSMAC and pSMAC, and colocalization and protein-protein interactions with CD3 and ICAM-1 are detected over a larger area. In this IS stage, slow protein dynamics and high levels of membrane protein-protein interactions suggest that IS protein enrichment is regulated by interactions within TEMs. Cytoskeleton polarization toward cell-cell contacts is crucial for the formation of the mature IS (56, 57) . Accordingly, treatment of J77 T cells with the actin-depolymerizing toxin latrunculin A before incubation with Raji/SEE cells prevented IS formation, with the very few T cell-B cell contacts observed being devoid of CD81-mCherry or endogenous CD3 accumulation at the IS (data not shown), in agreement with previous works (5, 58) . Cholesterol is an essential component of TEMs (46), with an important role in the IS context (59) (60) (61) (62) . T cell-B cell conjugation as well as CD81 and CD3 accumulation at the IS were also significantly reduced by the treatment of J77 T cells with methyl-␤-cyclo-dextrin, a drug that extracts membrane cholesterol, before incubation with Raji/SEE cells (data not shown). TEMs might then modulate IS organization and maturation by mediating the link between membrane proteins and lipids, cytoskeleton components, and signaling molecules.
CD81 diffusion properties in nonconjugated T cells are similar to those of ICAM-1, in agreement with previous studies showing comparable apparent diffusion coefficients for ICAM-1 and tetraspanins CD9 and CD151 in nude endothelial cell plasma membranes (19) . We also observed similarities in ICAM-1 and CD81 diffusion properties in the late IS. The mobility of tetraspanins CD63 and CD82 is comparable to the one of MHCII in late endosomal multivesicular bodies (63) , and it is possible that their diffusional behavior also varies according to IS sublocalization and maturation stages. Although CD81 is also present in intracellular vesicles and is secreted through exosomes (64), CD81 is expressed mainly on the plasma membrane of T cells. To study CD81 and ICAM-1 dynamics, we have chosen small bleaching areas (ϳ8.5 m 2 ) located specifically at the T cell plasma membrane. CD81 regulates the correct timing of IS maturation. CD81 downregulation accelerates the proportion of late IS conjugates (based on the ICAM-1 distribution pattern) and reduces CD3 relocalization to the IS, enhancing CD3 microcluster internalization following TCR stimulation. TCR microcluster movement (53) and signal termination (5) are controlled by the actin cytoskeleton. CD81 could mediate functional interactions between actin and CD3 or ICAM-1. On the IS APC side, continuous ICAM-1 recycling is controlled by LFA-1, actin, and microtubules (65) . In B cells, CD81 microdomains alongside the actin cytoskeleton play a key role in regulating CD19 mobility and in organizing CD19 and B cell receptor (BCR) interactions that lead to BCR signaling (66) . CD81 is connected to the actin cytoskeleton through its association with ezrin-radixin-moesin (ERM) proteins (67) , which are recruited to the IS and play a role in T cell activation (68) . F-actin dynamics is also regulated by Rho GTPases (69), and CD81 was recently shown to associate directly with the small GTPase Rac-1 (70, 71) . However, our data for CD81 C-terminal cell-permeable peptides and soluble GST-LEL-CD81 fusion proteins suggest that the role of CD81 as an IS organizer might be related to its ability to interact with other transmembrane proteins, regulating their diffusional properties and subcellular localization rather than direct signaling or anchoring to the cytoskeleton through its C-terminal domain. Moreover, the opposite effects observed with CD81 silencing, which accelerates IS matu- ration, and GST-LEL-CD81, which slows down diffusion of TEM proteins, indicate that CD81 microdomains regulate the time of permanence of TCR signaling at the IS plasma membrane, modulating the TCR signaling threshold.
Thus, as an IS organizer, CD81 regulates T cell activation. CD81-silenced T cells display reduced MTOC translocation toward the IS, which is TCR dependent (72) and necessary for full T cell activation (73) but independent of actin polarization (74) . CD81 silencing reduces TCR downstream signaling, decreasing CD3, ZAP-70, LAT, and ERK1/2 phosphorylation, in agreement with data showing that CD81 T cell costimulation activates TCR and ERK more strongly than does CD28 (75) . Also, CD81-knocked-down T cells have reduced IL-2 secretion, which is dependent on ERK1/2 activation (76), and express lower levels of the T cell activation marker CD69. This observed decrease in T cell activation in CD81-silenced human T cells may seem contradictory with previous data showing hyperproliferative responses of CD81 Ϫ/Ϫ mouse T cells to CD3 cross-linking (55, 77) . However, it is important to note that there are fundamental differences in the CD81 expression patterns between the two species. Opposite to human T cells, CD81 is expressed in mouse T cells only after T cell activation (37, 78) . Recently, noncanonical T cell stimulation with antibodies against CD4 and the TCR showed a slight increase in CD69 expression levels in CD81-silenced T cells (55) . This difference from our results is probably related to different T cell activation protocols. In our work, we have stimulated CD81-silenced T cells through antigen presentation by APCs by using two different conjugation systems (Raji/SEE and Hom2/HA cells), obtaining similar results with both. Moreover, in agreement with our results, CD81 Ϫ/Ϫ T cells do not develop Th2 responses when activated by antigen-presenting B cells, with reduced IL-4 production (79), and CD81 acts as a T cell-costimulatory molecule in human T cells (37, 38, 75) .
TEMs accommodate numerous molecules, allowing the regulation of receptor avidity. Our findings provide evidence that CD81 regulates IS molecular organization by associating with CD3 and ICAM-1, controlling their segregation in the cSMAC and pSMAC over the course of IS maturation. The role of CD81 as a microdomain organizer is thus important for synapse maturation timing and necessary for a correct T cell signaling threshold that leads to full T cell activation.
